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Abstract. Undoped hydrogenated microcrystalline silicon layers have been deposited by plasma
CVD at low temperature at different power and silane dilution. Structural, optical and electrical
properties of these layers have been investigated and are discussed in view of the deposition
conditions. Entirely microcrystalline n-i-p solar cells have been deposited, incorporating the same
layers as the intrinsic (i-) layer, in order to compare material and cell properties and identify the
parameters important for photovoltaic applications.
Introduction
Hydrogenated microcrystalline silicon (µc-Si:H) deposited at low temperatures (< 300 °C) by
plasma Chemical Vapour Deposition (CVD) has been known and used for more than 30 years. The
first report on this material (sometimes also called “nanocrystalline” silicon, nc-Si:H) has been
already published in 1968 [1] by Veprek et al. In the following years, Veprek and his co-workers
have extensively studied µc-Si:H (deposited by chemical transport in hydrogen plasma) and
published numerous and valuable papers (see [2, 3, 4, 5, 6] and citations within these papers).
Despite this pioneering work, µc-Si:H never gained much interest for application as a
photovoltaically active material in solar cells; it was, however, widely used for the doped layers of
hydrogenated p-i-n solar cells, with hydrogenated amorphous silicon (a-Si:H) as the photo-active
layer. One has to note that, in most cases, undoped µc-Si:H layers deposited by various groups
exhibited a rather large n-type character (even without the use of doping gases), as well as large
defect densities.
With the demonstration by our group of an entirely thin-film µc-Si:H p-i-n solar cell with an
efficiency close to 5% [7], this material gained a renewed world-wide interest. Recently, stable
efficiencies up to 8.5% have even been reported [8] for single junction p-i-n cells. The two key
advantages of µc-Si:H (compared to a-Si:H) for its use in photovoltaic devices are: on one hand the
enhanced infra-red light absorption and on the other hand the absence of light-induced degradation.
This renders this material very interesting for use as the active layer of bottom cell of tandem or
triple-junction thin-film silicon solar cells. Because it basically uses the same deposition
technology as a-Si:H, µc-Si:H is an interesting candidate as a low band gap material in multi-
junction cells and holds promise for low cost high-efficiency solar cells. Indeed, stable efficiencies
in excess of 11% have been obtained by our group [9], by the research groups of Canon Corp. [10]
and Kaneka Corp. [11]; in these cells a tandem structure consisting of an a-Si:H top cell and a
µc-Si:H bottom cell was used. The latter group was also able to achieve 9.8% stable efficiency with
a thin single-junction n-i-p poly-Si device (2.5 µm thick) [11]. However, this material was grown at
notably higher temperatures (around 500 °C). Poly-Si p-i-n cells have also been grown by other
groups with the hot-wire technique (HW), but so far with only limited success [12, 13], as far as the
cell results are concerned.
Despite the fairly extensive work invested in the study of plasma deposited µc-Si:H layers
and cells, only limited knowledge exists on undoped (i.e. intrinsic or near intrinsic) "device-grade"
material. The electronic transport mechanisms are not fully understood, and more specifically, the
relation between material properties and cell performance is still not clear.
µc-Si:H material can be produced with numerous deposition techniques and under various
deposition conditions. However, in this paper, we will reduce the scope to the properties of device
grade µc-Si:H deposited by plasma enhanced CVD at temperatures around 200 °C, using the Very
High Frequency Glow Discharge (VHF-GD) technique; since it is this kind of material which is at
present incorporated in our own high-efficiency µc-Si:H solar cells [14]. The goal of this paper is
to present an overview of the structural, optical and electrical properties of this type of µc-Si:H
material and, specially, to discuss those of importance for photovoltaic devices. Some material and
technological requirements will also be discussed. Finally, possible ways for the understanding of
the electrical transport and its relation to solar cell performance will also be given.
Preparation
For photovoltaic applications, two important material properties must obviously be studied:
light absorption and electronic transport. From the technological and economical point of view, the
indirect band gap of µc-Si:H is a serious issue because, this means that thick diodes are basically
required (leading, thus, to long deposition times) in order to get sufficient absorption. High
deposition rate and effective light trapping scheme are therefore necessary. In our case, VHF-GD at
frequencies between 110 and 130 MHz permits much higher deposition rates than the conventional
RF-GD process [15, 16]. Furthermore, VHF-GD appears to be very beneficial for the
microcrystalline growth [17, 16]. All layers presented in this paper were deposited at temperatures
around 200 °C, with a concentration of silane in hydrogen varying between 1.25 and 7.5%. During
deposition, a gas purifier has been used in order to avoid a too high incorporation of oxygen
contaminants coming from the source gas. Similarly as in a-Si:H, but with a much more
pronounced manner, oxygen in µc-Si:H acts as an effective n-type dopant [18], which rapidly tends
to ruin the solar cell performance (see Fig. 1). Note, that this statement does not mean that a
feedgas purifier is a paramount
necessity, but rather that extra care
must be taken to avoid oxygen
contamination from the gas feed, as
well as from the outgasing of the
reactor.
In this study we concentrated
ourselves on two series of samples,
deposited at 5% and at 7.5% concen-
tration (of silane in hydrogen) at
various deposition powers, at a
plasma excitation frequency of
130 MHz. Undoped µc-Si:H layers,
as well as entirely µc-Si:H cells
incorporating these layers were fabri-
cated and characterised. In order to
understand the effect of silane
concentration in hydrogen, a dilution
series (with silane concentration
between 1.25% and 7.5%) was also
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Fig. 1: Comparison of two entirely µc-Si:H cells, one
deposited with (low oxygen content) and the other without
(high oxygen content) a feedgas purifier. The cells are
2.8 µm thick and the oxygen content was measured by
SIMS (Secondary Ion Mass Spectroscopy) in µc-Si:H
layers deposited under the same conditions.
deposited at a fixed power (6 W) at
110 MHz. All cells were deposited
on Asahi type U substrates (glass
coated with textured SnO2) in the
n-i-p configuration and fitted with a
top ITO (Indium Tin Oxide) top
contact. The deposition rates
obtained for all samples of these
three series are indicated in Fig. 2.
Note that all samples are microcrys-
talline with crystalline fractions over
80% (as determined by Raman spec-
troscopy) with the exception of the
7.5% concentration samples depos-
ited at 6 W (of the dilution series)
and the 20 W sample of the 7.5%
concentration power series which are
amorphous (see Fig. 2).
Structural properties
All of our µc-Si:H samples, deposited with the VHF deposition technique from a plasma of
silane strongly diluted with hydrogen, exhibit a preferential growth in the [220] direction, as indi-
cated by the X-ray diffraction (XRD) patterns plotted in Fig. 3. In most of the cases, this results in
a columnar structure, which is clearly visible on a Scanning Electron Microscope (SEM) image, as
shown on the right of Fig. 4. However, in some samples, for example the 5% concentration power
series, such a columnar structure is not visible (Fig. 4, left). By monitoring the ratio of the (111)
and the (220) peaks, one can determine the magnitude of this texture. While the 5% concentration
power series shows an almost perfect [220] orientation, the 7.5% series exhibits a bell shaped curve
with the most preferential growth observed around 50 W (see Fig. 5). For the dilution series, the
preferential orientation decreases with increasing dilution. There is no simple relationship between
the texture and the deposition parameters investigated here, i.e. silane dilution and plasma power
(or the resulting deposition rate). On the other hand, it has been shown that these structural
parameters (preferential orientation and columnar structure) can be controlled, in specific cases (for
example using an argon and hydrogen dilution of silane), by the deposition conditions [19].
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Fig. 2: Deposition rates obtained for the dilution series as
well as the two power series (5% and 7.5% concentration).
The transition between amorphous and microcrystalline
growth is schematically indicated.
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Fig. 3: X-ray diffraction patterns for samples of the dilution series, the 5% silane concentration
power series and the 7.5% silane concentration series. For all µc-Si:H samples, a clear preferential
growth along the [220] direction is observed.
Using the Debye-Scherrer
relation, one can try to extract the
grain size from the width of the
diffraction peak. Values obtained
on our samples are all slightly
above 200 Å, showing almost no
dependence on the deposition
power, and increasing only
weakly with increasing dilution,
up to 230 Å. The fact that the
value of grain size remains almost
constant over the investigated
deposition parameter space is
quite surprising, and contrasts
with other published results [20,
21]. On the other hand, such low
grain size values seem irreconcil-
able with the picture obtained
from SEM. This could be attrib-
uted to the problem of XRD in
reliably determining grain size
using the Debye-Scherrer (the
grain size can be severely under-
estimated) [22, 23].
Another important structural
feature (that is specially important
in connection with the light
absorption, see section on optical
properties) is the surface rough-
ness observed usually on µc-Si:H.
This surface roughness is quanti-
fied here by the variance of the
height of surface points, as
measured by a profilometer. The
surface roughness tends to
increase for increasing silane
dilution (although the samples
become less preferentially
oriented), while for a given
dilution (or concentration), it
exhibits the same dependency in
function of power as the
preferential orientation (see Fig.
5). Increasing the deposition
power tends to reduce the
preferential growth along the
[220] direction and produce a
smoother surface. On some
samples, especially on those
exhibiting rough surfaces, the sub-
2 µm
1 µm
Fig. 4: SEM images of a µc-Si:H sample deposited at 5%
concentration (of silane in hydrogen) and 11 W which shows
no clear-cut columnar structure (left), compared with a
typical µc-Si:H sample (deposited at a concentration of 2.5%,
70 MHz).
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Fig. 5: Ratio of the intensities of the (220) and (111)
diffraction peak, as well as the RMS surface roughness
(obtained from a profilometer) as a function of deposition
power for the 7.5% silane concentration power series.
Fig. 6: Atomic Force Microscope image (1x0.6 µm) of a
rough µc-Si:H film surface.
structure within the large columnar
structure is clearly visible in AFM
(Atomic Force Microscope) image
(see Fig. 6). It is interesting to note
here that the size of these
substructures is in the range of 500
 Å, and therefore they could be the
coherence domains seen by XRD.
On Fig. 7, the infrared (IR)
absorption spectrums of the dilution
series are plotted. The 7.5% silane
concentration sample exhibits the
typical fingerprint of a-Si:H with
peaks at 640, 840, 880, 2000 and
2090 cm-1 [24, 25]. After crossing
the a-Si:H to µc-Si:H transition, new
peaks appear at 626, 900 and 2101
 cm-1. The frequency shifts from the
original a-Si:H positions is an
indication for a change in the
hydrogen bonding configuration.
Following the results presented in Ref. [26, 27,
28, 29] these new vibrations modes can be
assigned to mono and / or dihydride bonds on
{100} and {111} surfaces of crystalline silicon.
It therefore reflects the hydrogen bonded at the
surface of crystalline grains. As far as the total
hydrogen content is concerned, it drops sharply
from 11% in a-Si:H to value around 5% in the
µc-Si:H material. A more complete IR
absorption study of the a-Si:H to µc-Si:H
transition may be found in Ref. [30].
Optical properties
Following the transition from the
amorphous to microcrystalline phase, we observe
a shift of the absorption edge towards lower
energies and a reduction of the absorption for
energies >2 eV (see Fig. 8). This observation
comes obviously from the reduction of the band
gap of the material from 1.75 eV (a-Si:H) to
1.1 eV (c-Si) as well as from the change to an
indirect band gap which drastically reduces the
absorption in the visible. The 5% silane
concentration power series exhibits similar
absorption spectra (for all samples, see Fig. 9) as
the high-dilution µc-Si:H samples in the dilution
series. The enhanced absorption of µc-Si:H
compared to c-Si is more surprising. The
contribution to this enhanced absorption in the
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Fig. 7: Infrared absorption spectra of the dilution series.
The vertical lines indicate the position of the peaks found
in µc-Si:H (at 626, 900 and 2101 cm-1). The 7.5%
concentration sample exhibits typical a-Si:H behaviour.
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Fig. 8: Apparent optical absorption coefficient
of the dilution measured by CPM and T/R
(optical transmission/reflection). The transition
from a-Si:H (7.5% silane concentration) to
completely µc-Si:H material (2.5% and
1.25%) drastically changes the absorption
spectra. The absorption coefficient of c-Si is
given for comparison.
visible region can be mainly attributed to the residual amorphous fraction in the material. The
situation in the IR region is more complicated. From CPM (Constant Photocurrent Method)
measurements using different inter-electrode gaps, one can conclude that most µc-Si:H samples
exhibit strong light scattering effects
[31]. Thus, the latter has the effect of
increasing the apparent thickness of
the sample for scattered light,
resulting in a measured apparent
optical absorption coefficient that is
significantly higher than the real true
absorption of the material.
This light scattering effect
(which was already observed in some
early films deposited by Veprek et al
[3]) can be attributed almost entirely
to the natural surface roughness of
µc-Si:H layers. This has been
demonstrated by the comparison of
the true absorption of a rough
µc-Si:H sample with the apparent
absorption of the same sample after a
chemomechanical polishing process
(see Fig. 3 in Ref. 32). The two
absorption curves being almost
identical, it validates the optical
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Fig. 9: Apparent absorption coefficient of the 5% silane concentration power series samples
measured by CPM and T/R (left) as well as the true absorption for the same series (right). The
surface roughness being constant for all samples in the 5% series, the differences in the apparent
subgap absorption at 0.8 eV reflect directly the differences in defect density.
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Fig. 10: Calculated spectral dependence of the absorption
efficiency of a 3.5 µm thick µc-Si:H solar cell (in the
glass-p-i-n configuration, with no antireflective coating)
for different values of the RMS roughness of back
reflector (given by the µc-Si:H surface texture).
modelling while confirming that
most of the enhanced absorption in
the IR region originates from the
surface light scattering [32].
In order to deduce the defect
density from the subgap absorption,
one is interested in the "true
absorption". This is done by first
measuring the apparent absorption
using the absolute CPM method [33],
and then using an optical model,
which takes into account the
contribution of bulk and surface
scattering [34], one can then
calculate the true absorption. An
example of the difference between
apparent and true absorption is given
on Fig. 9. The defect density of the
best films is below 1015 cm-3; it is
obtained from the absorption
coefficient at 0.8 eV of the best
samples of Fig. 9 using the calibration factor given in Ref. 35. This low value is a good indication
of the effective defect passivation by hydrogen.
For photovoltaic applications, this enhanced absorption by the surface light scattering is
useful, because it helps increase the effective cell thickness: One can obtain higher currents, or,
alternatively, one can reduce the actual thickness (and the deposition time) while obtaining the
same current. An theoretical example is given in Fig. 10, which shows the effect of the hypothetical
back reflector texture (as given e.g. by the surface roughness of the deposited µc-Si:H cell) on the
absorption efficiency within the cell. A practical example is given in Fig. 11. Here (for the 7.5%
silane concentration power series), the maximum current (with a corresponding efficiency of 5.2%)
is obtained for one of the highest
surface roughness. Note that the
highest efficiency of 6.5% is
obtained in the 5% series for the
22 W sample, a sample that has
lower surface roughness, but also a
much lower defect density and a
more pronounced intrinsic character
(see Fig. 12).
Electrical properties
As already mentionned above
in the section on preparation, µc-Si:H
samples exhibit in most of the case a
n-type behaviour due to the
incorporation of oxygen atoms
during growth. In general, we
observe a decrease in the oxygen
content in the film with increasing
deposition rate; the decrease in
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Fig. 11: Surface roughness, defect density (from CPM true
absorption) of the 7.5% silane concentration power series,
together with the short circuit current of corresponding
solar cells (all with around 3.5 µm thickness). The
maximum of the current (and a maximum efficiency of
5.2%) correlates with the maximum of the surface
roughness.
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power and silane concentration for the dilution series and
for the 5% and 7.5% silane concentration power series
(only µc-Si:H samples are plotted here).
oxygen content induces a decrease in the dark conductivity σdark and an increase in the latter’s
activation energy. One source of oxygen contaminents is the outgasing of the reactor itself.
Because this oxygen flux is independent of deposition rate, it results in oxygen incorporation in the
µc-Si:H layer which is deposition-rate dependent. However, in the case of Fig. 12, this mechanism
only explains the results observed for the dilution series. For the 5% silane concentration series, the
oxygen content is for all samples between 3x1018 and 7x1018 cm-3 (measured by SIMS) and does
not correlate with the deposition rate; σdark depends rather on the defect density (see Fig. 9). The
case of the 7.5% is more complicated. In this series, σdark is strongly influenced by the oxygen
content which varies from 3x1019 (20 W sample) to 7x1018 cm-3 (70 W sample). At these very high
level of oxygen contamination, it
is quite surprising that
corresponding cells incorporating
the same i-layer can still behave
satisfactorily (see Fig. 11). This
could indicate that oxygen in these
layers is mainly due to a strong
post-deposition oxydation effect
(see also below), an effect that
modified drastically also the dark
conductivity. Note that such post-
oxydation is not observed in p-i-n
(or n-i-p) solar cells, because the
i-layer is sealed off by the doped
and contact layers [9].
Fig. 13 shows measured
values of the photo-conductivity
σph and of the ambipolar diffusion
length Lamb, measured by SSPG
(Steady-State Photocarrier Grat-
ing), for the same three series of
samples. The variations observed
here are indeed those that one
would expect from the change of
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Samples are measured at a generation rate of G≈1.5x1020 cm-3s-1.
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is used here to describe the
position of the Fermi level (b=1 in case of a fully intrinsic
layer). For a-Si:H (the typical behaviour is shown here for
comparison), samples with b<50 may be considered intrinsic.
the dark conductivity (or of its activation energy): a more intrinsic sample leads to a lower photo-
conductivity and a higher ambipolar diffusion length. In order to represent more clearly this effect
of the Fermi level position, one can plot σph and Lamb, as a function of the Fermi level position, or
more conveniently, as a function of the parameter b (Fig. 14). This parameter ( ) ( )pnb 0p0n µµ=
can be derived from the measurement of σph, Lamb and generation rate G, according to a procedure
given in [36] and applied there to the case of a-Si:H sample; b is approximately 1 for an intrinsic
sample. As observed in Fig. 14, the values obtained for σph and for Lamb, are closed to those
observed for a-Si:H layers. However, in contrast with a-Si:H, the ambipolar diffusion length Lamb
of µc-Si:H samples shows almost no dependence on the generation rate, while σph behaves
similarly as in a-Si:H; it follows a power law with an exponent between 0.5 and 0.85 [36].
Furthermore, one should also note that no light-induced degradation is observed in these µc-Si:H
layers even under strong illumination [37].
For a material with a columnar
structure or a preferential growth, σph
and Lamb, which are measured in
coplanar configuration, basically do
not reflect the transport properties
relevant to solar cells (with a
sandwich configuration). Therefore,
it is important to also characterise the
transport in the direction
perpendicular to the substrate. For
this purpose, the time of flight (TOF)
technique was used to extract drift
mobilities (Table I) and mobility x
lifetime products (Fig. 15), for both
electrons and holes. Compared to
a-Si:H, µc-Si:H samples exhibit
electron mobilities which are only a
factor of 2-3 higher, and increasing
with increasing dilution. On the other
hand, µc-Si:H drift mobilities for
holes are much higher than those of
a-Si:H. As far as the mobility x
lifetime (µτ) products are concerned
(Fig. 15), one observes for the 5%
and 7.5% series the same behaviour
as prevailing in a-Si:H [38]: for the
majority carriers (electrons), the
steady-state µτ products (as derived
from σph) are about 10 times larger
than the transient µτ products (as
derived from TOF), while the
corresponding values for the µτ
products of minority carriers (holes)
are similar. This observation leads to
the hypothesis that the structural
anisotropy in these µc-Si:H layers
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Table I: Drift mobilities for electrons and holes measured
by TOF for the dilution series. The 7.5% sample is
amorphous.
Silane
concentration
[%]
µn
D
[cm2/Vs]
µp
D
[cm2/Vs]
1.25 2.9 1.1
2.5 1.5 1.0
5 1.2 0.41
7.5 0.91 0.011
does not translate in a significant
anisotropy of the transport properties.
As a further check of this
hypothesis, diffusion lengths LD were
measured by SPV (Surface Photo-
Voltage) on samples of the 5% power
series and compared with the values
of Lamb obtained from SSPG. Note
that LD (SPV) evaluates diffusion
length in a direction perpendicular to
the substrate (sandwich
configuration) whereas Lamb (SSPG)
evaluates diffusion lengths in
direction parallel to the substrate
(coplanar configuration). Fig 16.
shows that LD and Lamb are almost
equal for high power samples,
indicating little anisotropy in
diffusion. On the other hand, some
anisotropy can be found for the small
power samples. One should also note
that LD correlates nicely with the
defect density (see Fig. 9); LD is
inversely proportional to the defect
density. These results indicate that an
anisotropy seems to exist for the low
power samples. An anistropy in the
transport properties for the same
series of sample was also suggested
by Kocka et al from an analysis of
AC conductivity data [39].
As already mentioned above,
µc-Si:H samples tend to exhibit post-
deposition oxidation. This general
feature of most (if not all?) µc-Si:H
samples has already been
documented in Refs. [4, 5, 9, 40].
One observe that this oxidation is a
volume process, with a gradient of
oxygen going deep into the sample,
but with a magnitude which can
change from sample to sample, and
therefore could be possibly
controlled [40]. One fingerprint of this process is a drastic change in the dark conductivity and its
activation energy (see Fig. 17). In case of strong oxidation, peaks related to Si-O bonds may also
appear in the IR absorption spectrum. This post-oxidation effect, which causes a serious problem
for the characterisation of the layers, is observed not to affect cells, probably because the active
i-layers are sealed off by the doped and contact layers [9]. Because of this post-oxidation effect,
layers characterisation should always be carried out simultaneously with a careful evaluation of the
Fermi level position (for example by determining the parameter b).
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Fig. 16: Comparison between the diffusion length
measured by SPV and the ambipolar diffusion length
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Summary
For a few years, undoped µc-Si:H (deposited at temperatures below 300 °C) has been very
successfully used thin film solar cells. In this context, its low gap, enhanced absorption (compared
to c-Si) and stability with respect to light-soaking are the attractive features of this material.
However, due to the structural nature µc-Si:H (crystallites of various sizes and orientations
embedded in a residual amorphous tissue), the study of this material is complex. Furthermore,
µc-Si:H can be deposited under many different conditions and the deposition conditions affect
quite drastically the structure.
In this study, we deliberately concentrate ourselves on device-grade µc-Si:H layers, actually
used in solar cells (entirely µc-Si:H p-i-n with efficiency up to 6.5%). From the structural, optical
and electrical characterisation of these layers, one can draw three observations. First, µc-Si:H
structure can be changed over a very wide range by tuning the deposition conditions but we do not
know at this point what is the "optimum" structure for the best solar cell. Second, a rough
(textured) µc-Si:H surface is certainly a desirable feature in order to improve the IR absorption, but
we have to be sure that the transport is not affected. Third, it is quite puzzling to see how the
transport in µc-Si:H is similar to the one in a-Si:H. So far the it still lacks a comprehension of its
mechanism. The model of Seto [41], which has been widely used for poly-Si, is physically
unsatisfactory due to the low defect density and low grain size of µc-Si:H. Percolation models have
also been proposed [21], but it is up to now not clear if they can be applied to all type of µc-Si:H
and more specifically to device grade intrinsic µc-Si:H. In solar cells, it is also not clear what are
the transport mechanisms controlling their functioning, even though there are indication that both
drift and diffusion processes are involved [42]. However, best material for solar cells should at
least exhibit a low defect density, intrinsic character (and therefore low oxygen content) and a high
surface roughness.
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